[Purpose] We aimed to clarify and compare the changes in thoracic and lumbar spine motion and to elucidate the relationship between hip and lumbar spine motion during running. [Participants and Methods] Seven healthy females were recruited in this study. Hip and spine movement were measured using a 3D motion analysis system when running at 6, 9, and 12 km/h. One-way analysis of variance was used to compare the changes in hip joint and spine angles during running. Correlation coefficient analysis was used to determine the relationship between the hip and lumbar spine angles at right and left toe-offs.
INTRODUCTION
When people begin running, the spine rotates appropriately. There has been some research on lumbar spine motion from the 12th thoracic vertebra (T12) to the pelvis during running in healthy participants using 3D motion analysis [1] [2] [3] . Schache et al. studied the motion of the lumbar spine in participants aged approximately 30 years during running at 14.0 3) and 14.4 km/ h 2) . Saunders et al. measured participants' lumbar spines at running speeds of 7.2-18.0 km/h 1) . Rendos et al. measured pelvic and trunk motion during running in 25 year-old male and female triathletes 4) .
Some elite runners experience low back pain, such as spondylolysis 5) . Low back pain is caused by hip-spine incoordination during movement 6) and repetition of excessive lumbar extension and rotation 7) . However, there have been no reports on the relationship between hip and lumbar spine motion nor have there been studies comparing spine motion in healthy females at different running speeds.
It seems prudent that a better understanding of changes in thoracic and lumbar spine motion during running is achieved. Clarifying this change in spine motion as well as the relationship of the motion between the hip and lumbar spine in runners could be useful in preventing low back pain. In this study, we aimed to clarify and compare changes in thoracic and lumbar spine motion and to elucidate the relationship between the motion of the hip and lumbar spine during running at three different speeds. It was hypothesized that an increase in spine motion, compensation for a restriction in hip motion, would occur proportionately with increasing running speed.
PARTICIPANTS AND METHODS
This study was approved by the Office of Research Ethics, Waseda University (No. 2016-098). Seven healthy females on the college track team (age, 19.4 ± 1.4 years; height, 159.0 ± 5.7 cm; body mass, 47.8 ± 4.1 kg; and body mass index, 18.8 ± 0.5 kg/m 2 ) were recruited in this study. Inclusion criteria require that participants have no history of spine/lower-limb surgeries or painful joints in the lower extremities. All participants provided informed consent. The participants attended regular track and field practice before and after classes and on weekends; training was supervised by their team coaches.
After a 3-min warm up, the participants' clothing and back surfaces were immobilized with a bilateral tape, and 68 spherical markers were placed on each anatomical landmark (Fig. 1) . A combination of three marker placements were used: Helen Hayes marker 8) for the whole body, Point Cluster Technique 9, 10) for lower legs, and a previously described technique for the spine 6, 11) . Based on previously described spine measurement methodology 6, 11) , eight original spherical markers were placed on the following anatomical landmarks: the right and left paravertebral muscles at the T11, T10, and T12 to represent a thoracolumbar segment and the right and left paravertebral muscles at the T1, T2, and seventh cervical vertebra (C7) to represent an upper thoracic segment. Real-time running motion was measured using a 3D motion capture system (Qualisys Track Manager, Qualisys AB, GÖteborg, Sweden) with eight cameras at 250 Hz to measure the position of the spherical markers. After the participants became accustomed to running on the treadmill (IGNIO R-16S, Alpen Co., Ltd., Aichi, Japan), they were instructed to run on the treadmill at 6, 9, and 12 km/h.
Noise was filtered from raw data using a 6-Hz low-pass filter. Biomechanics analysis software Visual3D, version 5 (CMotion, Inc., Germantown, MD, USA), was used for calculating the angle between the thoracic and lumbar spine 6) . The lumbar spine angle was calculated from the thoracolumbar segment with respect to the pelvic segment (the sum of L1-5 vertebral movements), and the thoracic spine angle was calculated from the upper thoracic segment with respect to the thoracolumbar segment (the sum of T3-9 vertebral movements). The spine range of motion was calculated from minimum to maximum spine angle. Previous studies have found that skin movement artifacts from pelvic 12) and spinal markers 13) are not major sources of error in thin participants. The measurement of spine motion with this method is sufficiently repeatable and reliable 11) .
Data for the following four events were collected: right foot contact, right toe-off, left foot contact, and left toe-off. The time from one right foot contact to the next right foot contact was recorded for each participant. Data of 10 cycles for each participant were averaged to obtain data for one cycle, and then, this one-cycle data was converted into a percentage.
Statistical analysis was performed using IBM SPSS Statistics version 19.0 (IBM Corp., Endicott, NY, USA). A one-way analysis of variance was used with the Bonferroni post hoc test for comparing changes in the hip and spine angle and time parameters during running. The Pearson product-moment correlation coefficient was used for testing the relationship between hip joint angle and lumbar spine angle at right and left toe-offs. The level of significance was set at p<0.05.
RESULTS
As the running speed increased, participants significantly shortened the percent time in the stance phase (p<0.05, Table 1 ). As the running speed increased, the lateral bending and rotation angle of thoracic spine significantly increased (p<0.05, Table 2 ). The participants were found to bend the thoracic spine to the left and rotate it to the left during the right stance phase and vice versa during the left stance phase ( Fig. 2A-C) . Significant increases in the extension and rotation angles of lumbar spine (p<0.01, Table 3 ) were also observed. It was observed that the participants rotate the lumbar spine to the left and extend it during the late right stance phase and vice versa during the late left stance phase (Fig. 2D-F) . As the running speed increased from 6 to 9 and 12 km/h, the right and left hip flexion angles significantly decreased from 15.9° ± 5.8° to 9.3° ± 6.0° and 6.5° ± 5.0°, respectively, at toe-off [F(2, 26)=84.367, p<0.001]. Significant positive relationships were observed between hip flexion and lumbar spine extension angles at toe-off when running at 6 (r=0.70, p=0.005) and 9 km/h (r=0.57, p=0.035)] but not when running at 12 km/h (r=0.57, p=0.165).
DISCUSSION
An increase in the running speed was compensated by an increase in the extension angles of thoracic and lumbar spine as well as an increase in the rotation angle of lumbar spine during the stance phase. The results of this study are comparable with those of other reports on motion analysis during running [1] [2] [3] [4] . In a previous study, participants extended the spine by 14° and tilted the pelvis anteriorly by 20° during running 4) . Schache et al. reported that when participants ran at 14.0 3) and 14.4 km/h 2) , the lumbar spine was extended by 15° and 13°, laterally bent by 23° and 19°, and rotated by 24° and 23°, respectively. Saunders et al. reported that when the running speed was changed from 7.2 to 18.0 km/h, participants' lumbar motion changed from 8° to 14° for lateral bending and from 10° to 19° for rotation 1) . It has been reported that the runners incline the pelvis anteriorly, extend the spine 4) , and rotate the lumbar spine 1) to increase the running speed. Differences in marker location and running speed may have caused inconsistencies in spine angles between the results of this study and those previously reported [1] [2] [3] [4] . However, there have been no reports on comparing spine motion in healthy females at different running speeds. This is the first study to provide biomechanical spine movement only in female during running.
As the running speed increased, the participant's hip joint angle changed from flexion to extension at toe-off. Our participants did not display extension of the hip at toe-off probably because they were not accustomed to running on a treadmill. Rendos et al. reported that the maximum hip extension angle during running was 10.9°4 ) . A positive relationship was observed between hip flexion and lumbar spine extension angles at toe-off when running at 6 and 9 km/h but not when running at the 12 km/h in this study. The participants were found to extend the spine to compensate for the restricted hip extension at toe-off.
It appears that excessive lumbar extension compensation for restricted hip motion at toe-off could cause low back pain in runners. The repetition of excessive lumbar extension and rotation causes low back pain 7) . In the study, the response to an increase in the running speed was lumbar spine rotation and extension rather than hip extension during the late stance phase. High-speed running can result in mechanical and loading stress to the lumbar spine during this phase. Therefore, coaches and athletic trainers should pay attention to lumbar spine and hip motion of the runners during this phase considering that these factors may predict low back pain.
A limitation of this study was the small number of only female runners. Future studies should longitudinally observe the effects of running in a larger sample of male and female runners with low back pain. Furthermore, the effect of stretching the hip joint and improving the running form or athletic rehabilitation for runners with low back pain should be clarified during running.
In conclusions, an increase in the running speed led to an increase in the rotation angle of the thoracic and lumbar spine as well as an increase in the extension angle of the lumbar spine in healthy runners. Runners extended their lumbar spine to compensate for restricted hip motion at toe-off. 
